Readout strength dependence of state projection in superconducting qubit 
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We have controlled the measurement strength of the qubit readout process by using a Joseph- 
son bifurcation amplifier (JBA : an AC-driven SQUID). The optimum readout pulse changes the 
superposition state into an eigenstate. To clarify how a sufficiently strong measurement causes a 
projection phenomenon, we have studied the projection conditions in the JBA readout. We found 
that the projection occurs above the pulse height at which visibility starts to appear. Furthermore, 
the projection continues to occur as readout strength increases, even though the visibility vanishes. 
This result helps us understanding the JBA readout process. 



Projection measurement is very important for quan- 
tum information processing applications for example, 
measurement-based quantum computing [1]. And it is 
also important as regards understanding temporal quan- 
tum correlation [2]. Recently, with the help of micro- 
fabrication techniques, it has become possible to fabri- 
cate controllable artificial quantum systems (sl-Q- To 
measure these quantum states, we need to detect small 
changes in quantum systems. Techniques for measur- 
ing quantum state of solid state qubit have progressed 
significantly. For example, a partial measurement Q 
has been reported in the field of superconducting qubits. 
They controlled the potential barrier height of a phase 
qubit and succeeded in observing wavefunction modifi- 
cation using partial measurements. In addition, success- 
ful quantum non-demolition (QND) measurements [9, 1^ 
have been reported. They carried out multiple quantum 
measurements during the coherence time and confirmed 
that the post-measurement state was maintained by us- 
ing Josephson bifurcation amplifier (JBA) [11] measure- 
ments. The JBA technique uses a nonlinear resonator 
as the qubit quantum state probe. By choosing the op- 
timum bias condition, the bifurcation phenomenon in a 
strongly driven nonlinear resonator, which has Joseph- 
son junctions, becomes sensitive to the coupled quantum 
system. Therefore we can detect the quantum state of a 
qubit. 

When the detector has a lot of degrees of freedom, it is 
very difficult and sometimes impossible to trace the dy- 
namics during the measurement. A JBA measurement is 
an ideal quantum probe because it realizes a QND mea- 
surement. The JBA readout forms the relation between 
the qubit state and the final stable state (low- or high- 
amplitude oscillation state) of the JBA resonator. Very 
fortunately our detector JBA is a simple system, and the 
interaction between the JBA resonator and a supercon- 
ducting qubit is well known. Recently, we have made 
some progress on a theoretical analysis of the JBA read- 
out 12 . We are interested in determining the condition 
that induces the projection in a real JBA measurement. 
In our system, it is possible to program the strength of 
the quantum detection. So we changed the measurement 




FIG. 1: (a) Pulse sequence of the projection measurement. 
The second control pulse works as a rotation gate. Between 
the two control pulses, we apply a projection pulse from the 
JBA transmission line. After the second control pulse, we ap- 
ply a readout pulse to read the qubit state, (b) Schematic im- 
ages of the qubit state along the measurement sequence. The 
left Bloch sphere shows the quantum superposition state just 
after the first control pulse. The upper (lower) right Bloch 
spheres are the qubit states just before the readout pulse in 
the case of non-projection (projection). After a projection, 
the Bloch vector is rotated by the second control pulse, so 
{(Tz) will be {gz) — cos^i cos ^2- (c,d,e) shows the calculated 
{gz) patterns expected with the pulse sequence for three a 
values 



strength and clarified the projection condition. 

To readout the qubit state, we employ a short JBA 
pulse (hereafter called a readout pulse). It excites the 
oscillation in the JBA resulting in the generation of an 
interaction between the JBA and the qubit. In the fol- 
lowing, we describe our experimental findings as regards 
the quantum detection process with a JBA. 

The front part of the readout pulse plays an essen- 
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tial role in the qubit readout. So, to examine how the 
JBA readout process occurs, we observed the changes in 
the resulting qubit state when we applied various pro- 
jection pulses with the same shape as the front part 
of our readout pulse. To examine the projection con- 
ditions of the superposition state, we employed a pulse 
sequence that consisted of two successive qubit control 
pulses with a short projection pulse between them (Fig- 
ure [Ifa)). The qubit is initialized in the ground state 
simply by allowing it to relax. By applying the first 
control pulse we generated a superposition state of our 
qubit (1^) = single) +cos^|^)). Then, we applied 
the projection pulse to the JBA. After that, to observe 
the state change that it caused, we applied a rotation 
operation to this qubit state using the second control 
pulse. If the projection pulse does not induce a projec- 
tion, the first control pulse should induce qubit Bloch 
vector rotation by ^i, and in addition the second con- 
trol pulse should rotate it by 62. If we can neglect the 
phase relaxation in the qubit, the expected value of 
becomes (a^) = cos {61 -{-62) (Figure [TJb) top), where 
(Jz = \g){g \ — \e){e\ is the Pauli operator corresponding to 
the qubit energy eigenstate. On the other hand, if a pro- 
jection occurs through the application of the projection 
pulse, the (a^) immediately after the projection becomes 
cos^i. After applying the second control pulse to this 
state, (az) reads cos ^1 cos ^2 (Figure [TJb) bottom). We 
can represent (a^) in more detail as follows. 

(cr^) = cos ^1 cos 6^2 — <^ sin ^1 sin ^2 (1) 

In this formula a is an indicator of projection. By calcu- 
lating the time evolution of (a^) in detail, we can describe 
a in equation ([T]) as follows. 

a = aoe~^ cos ((cj — cjo) t) (2) 

So, a is described as a product of a bare projection indi- 
cator Qfo, a dephasing part and a detuning part. In the 
absence of dephasing and detuning (that is, T2 00, 
uj ^ uo), a is identical to ao- When no projection oc- 
curs, a takes a finite value. On the other hand, when 
projection occurs, a becomes regardless of dephasing 
or detuning. By applying a projection pulse within the 
qubit coherence time, we can detect the "wavepacket re- 
duction" caused by the projection pulse. Figure [TJc,d,e) 
shows the calculated {(Jz). In the absence of any pro- 
jection and any dephasing, the a value of equation ([T]) 
becomes 1. Therefore, we obtain a stripe pattern in the 
{(Jz [01,62)) = cos(l9i +6>2) plot (Figure n;c)). When a 
projection is caused by the applied projection pulse, a 
becomes 0, so the checkerboard pattern seen in Figure 
[TJe) is expected. 

In our JBA, the characteristic bifurcation time (the 
transition from the initial state to the final state) de- 
pends on the Q factor and the resonance frequency cjjba, 
as ^^^^ . The resonance frequency of the JBA is approx- 
imately 7.5 GHz. The Q factor of our JBA resonator is 




FIG. 2: (a) Image of the sample for JBA readout. We de- 
signed a SQUID structure at the center of a A/2 coplanar 
transmission line resonator. The flux qubit is magnetically 
coupled with the SQUID. The mutual inductance of this cou- 
pling is ^ 14 pH. To control the qubit state we installed on 
RF line near the qubit. The mutual inductance between the 
qubit and the RF line is ^ 0.1 pH. (b) Schematic diagram 
of the measurement setup, (c) shows the qubit spectrum of 
the sample. The qubit gap frequency is A = 8.1 GHz and 
the persistent supercurrent away from the degeneracy point 
is Ip = 130 nA. The broken red line shows the magnetic field 
in which we performed the projection measurement. 



approximately 300, so the characteristic bifurcation time 
is ~ 6 ns. We kept our flux qubit under an external mag- 
netic field of Ac^qubit = ^qubit - ^^^0= -8 m<I>o, where 
<I>o = ^ : the flux quantum. With this magnetic field, 
the resonance frequency of the qubit is 10.3 GHz. We 
used a dilution refrigerator, and measured the sample at 
temperatures below 50 mK. Figure [2fb) is a schematic of 
our measurement setup. A JBA readout pulse and the 
projection pulse propagate along the transmission line 
resonator in the refrigerator, and are amplified by a low 
noise cold amplifier. Which resonance state of the JBA is 
realized by the readout pulse depends on the qubit state, 
so we can readout the qubit state by measuring the am- 
plitude and phase of the obtained output signal of the 
amplifier using a homodyne detection technique. By ap- 
plying a resonant microwave pulse to the control line, we 
can control the qubit state before the projection pulse. 

We employed the sequence shown in Figure [TJa) and 
observed the way in which the projection of a superpo- 
sition state takes place. When we read out the qubit 
state, the JBA resonator bifurcates into a high or low 
amplitude state, and these two states correspond to 
the qubit ground state and the qubit excited state, re- 
spectively. To obtain (cr^), we observed the probabil- 
ity of the JBA low amplitude state P. The relation- 
ship between (a^) and P can be described as follows: 
{az) = 2 {(Po - P) /V + Po} - 1. In this formula Pq is 
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FIG. 3: The observed probability P(ri,r2) patterns, which 
are related to (cr^), with various projection pulse heights h. In 
this experiment, the tt pulse length was 1.75 ns (Oi = cjRabi^i, 
here cjRabi is the Rabi frequency). 
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FIG. 4: Pulse height dependence of the S-curve (probability 
with which we find a low state JBA) and pulse height depen- 
dence of a. The magenta and blue lines are S-curves for the 
qubit excited state and ground state, respectively. The green 
line is the difference between these two S-curves, which corre- 
sponds to the visibility of the qubit. The filled red circles show 
the projection pulse height dependence of the a indicator. 



an offset and V is visibility in the measured probability. 
We chose the distance between the two control pulses 
r = 12 ns to reduce the influence of the phase relaxation 
(Figure [U^a)). At this flux bias, the energy relaxation 
time of the qubit is Ti = 58 ns, and the phase relaxation 
time is T2 = 13 ns. Because both the projection process 
and the phase relaxation contribute to the reduction of 
the sin^i sin ^2 term in equation ([T]), a short r is better 
for this projection measurement. And we optimized the 
amplitude and frequency of the applied JBA pulses to 
read out the qubit state. The rise time of the projec- 
tion pulse was about 10 ns, and it maintained a constant 
height for 10 ns. We varied the pulse lengths of both 
control pulses from 0.5 to 10 ns. After the second control 
pulse, we detected the qubit state using a JBA readout 
pulse. By averaging typically 20000 times, we obtained 
probability P. 

Figure [3] shows the observed P(ti,T2) pattern we ob- 
tained when we employed projection pulses with differ- 
ent heights, h is the pulse height normalized by that 
of the readout pulse usually used in our JBA measure- 
ments. When we employed an h = 0.8 pulse, we ob- 
served the same pattern as without a projection pulse 
{h = 0.0) namely a stripe pattern, so the projection did 
not occur. However, when we used an = 1.0 pulse, the 
sin Oi sin 62 component of equation ([T]) vanished and a 
clear checkerboard pattern appeared (Figure [3fc)). This 
sudden change from the stripe pattern to the checker- 
board pattern suggests that the projection was induced 
by the applied pulse although the pattern contrast was 
not as good as the calculated result because of the energy 



relaxation. 

When we further increase the pulse height {h = 1.2), 
the observed pattern does not depend on the first con- 
trol pulse, because the quantum state is destroyed by the 
over-strong projection pulse (Figure [3l^d)). However we 
observed a small Rabi oscillation caused by the second 
control pulse. This is due to the energy relaxation that 
occurs after the randomization of the qubit state, which 
induces a bias in the post-pulse state. 

To discuss the observed projection pulse height 
dependence quantitatively, we use a. (^"2(^17^2)) 
obtained from the sequences shown in Figure [TJa) 
corresponds to a function of the rotation angle 
caused by the first control pulse 61 = cjRabin and 
the second control pulse O2 = cjRabiT2 where cjRabi 
is the Rabi frequency for the control pulses. So, 
from equation ([Tj), a was estimated as follows: a = 

I {{'^^ (f > f )) - i<^^ (f . f )) + {<^^ (f . f )) - (^^ (f . ¥))}• 

Figure |4] shows the dependence of a on the projec- 
tion pulse height h. The top panel shows S-curves, 
which reveal that our readout has a finite visibility in 
the 0.98 < h < 1.03 region. This means that our readout 
can provide qubit state information only in this region. 
Below h = 0.8, a has a positive value of 0.65. Because 
of the small dephasing that occurs during in the pulse 
sequences, a became less than 1. No projection occurs in 
the region. We tuned the frequency of an applied control 
pulse to the energy of the flux qubit {u = ujq). There- 
fore, a should have a positive value. However, above 
h = 0.8, a decreases and has negative values. In this 
region, projection does not occur but the excited pho- 
ton number in the JBA resonator increases rapidly. The 
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interaction between the qubit and the JBA depends on 
the photon number in the JBA resonator, so the effective 
energy of the flux qubit deviates from ujq to uJq when the 
projection pulse is apphed. Because of this energy shift, 
the phase of the qubit state rotates during the period 
of the projection pulse, and a adopts negative values as 
cos {{uj — cjq (h)) r) < (see eq. [2]). It should be noted 
that a finite (negative) a means the absence of projec- 
tion. The absolute amplitude of a at = 0.92 is almost 
the same as that of a below h = 0.8. This means that 
the application of the projection pulse itself does not in- 
duce significant decoherence (dephasing) at least below 
h = 0.92. Above = 0.98, a becomes and this suggests 
that the projection of the qubit state has appeared. In 
the 0.98 < h < 1.03 region, the resonance state of the 
JBA bifurcates and different qubit states lead the JBA 
to different final states. So we can detect the qubit state 
by observing the resonance state of the JBA resonator. 
Above h = 1.03, we still observe the checkerboard pat- 
tern of (cr^), which is the same as in Figure [3l^c). This 
shows that the projection pulse has induced projection. 
However, because of the large pulse amplitude, the JBA 
reaches the same final resonance state, independent of 
the state into which the qubit is projected. Therefore, 
in this region, qubit state projection occurs although the 
visibility of the JBA measurement is 0. In a simple de- 
scription of the measurement, the projection event and 
the possibility of obtaining qubit state information has a 
one to one relationship. However, here (1.03 < h < 1.2) 
the post-measurement state of the qubit is a projected 
state although we cannot obtain any information about 
the qubit from the JBA readout. This is a clear exam- 
ple of a fact that such a simple relationship is not valid 
in a real measurement where we have to take account of 
the dynamics of the detector. Above = 1.2, the 6i de- 
pendence of (az) vanishes (Figure [Sjd)). This behavior 
means that the qubit state is destroyed by the over-strong 
projection pulse. 

The above results show that the normal JBA readout 
{h = 1.0) method projects the qubit state to one of the 
energy eigenstates and maintains that state. The JBA 
readout is almost an ideal quantum state measurement 
method, and it also realizes a quantum non-demolition 
measurement, where the post-measurement state is kept 
in the projected state. 

We succeeded in observing the behaviors in projection 
measurements of superconducting qubit states by using a 
transmission line type JBA as a detector. When we start 
to drive the JBA with a readout pulse (its front is the pro- 
jection pulse, examined above), the qubit and JBA begin 
to interact and form correlations (entanglement). How- 
ever, the application of a pulse smaller than the threshold 
{h 0.98) does not cause a projection or dephasing in the 



qubit. When the pulse height becomes large enough to 
make the JBA states for two possible qubit states distin- 
guishable, projection occurs and the possible qubit- JBA 
composite system becomes one of two possible classically 
correlated qubit- JBA states. Then, the quantum mea- 
surement has been accomplished. When the pulse height 
is in the range where only one of the qubit- JBA states 
performs the JBA transition, we can detect the qubit 
state from the JBA readout. Our results clarified ex- 
perimentally the way in which the qubit state projection 
to an eigenstate is caused by the JBA bifurcation phe- 
nomenon. This supports a previous theoretical analysis 
of the JBA readout [12], and is an important result for 
understanding the mechanisms of quantum state mea- 
surement. 
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